The angioarchitecture of the so-called moyamoya vessels in children has not been explicitly analyzed. We aimed to investigate the precise anatomy of the vascular anastomotic networks in patients with childhood moyamoya disease.
Introduction
The angiographic characteristics of moyamoya disease described to date [1] [2] [3] [4] [5] [6] [7] were exclusively based on the images obtained during a selective ICA or vertebral artery (VA) contrast injection. Among the factors influencing the information that can be extracted from an angiographic investigation is the selectivity of the injection. It is a fact that the exact relations, connections and territory of the arterial branches which participate in the complex collateral network mostly at the base of the brain cannot be reliably analysed when multiple overprojections inevitably occur in an ICA or VA injection.
In this study, the high-quality selective and magnified angiographic images were in some cases supplemented by several superselective injections so that the angioarchitecture of the collateral circulation of those cases was more clearly demonstrated.
Many authors agree that basal moyamoya vessels are dilated perforating vessels or branches of the ICA, which ordinarily supply brain structures, anastomosing to distal cortical branches through a collateral network in re-tery (BA) corresponds to the caudal division of the ICA 15, 16 and was considered part of the posterior circulation, which will be analyzed in a separate publication.
All six patients underwent six-vessel selective angiography. In three patients, superselective microcatheterizations (Elite 1.5F Stryker Neurovascular, Fremont, CA, USA) were performed in the anterior circulation by the first author (GB). Informed consent was obtained in all cases. The motivation-indication for superselective injections was diagnostic uncertainty about stenosis or occlusion at the area of ICA bifurcation and degree of involvement of the MCA and ACA, as well as the extent of collateralization from moyamoya vessels. Depending on the stage of angiopathy, distal arterial filling and extent of the deep and dural collaterals, optimal planning of the number, location and type of revascularisation procedures in all the affected arterial territories could be undertaken. The microcatheterizations were performed with the same angiographic setup, through the angiographic catheter (5Fr "Val" catheter, Cook Medical Inc., Bloomington, IN, USA). The microcatheter (Spinnaker Elite 1.5 Fr Target Therapeutics/ Boston Scientific, Fremont, California, USA) used was exclusively flow-directed with the microguidewire used only for proximal support. In this way, the distal supraclinoid ICA sponse to the increasing hypoperfusion [8] [9] [10] [11] . However, other descriptions refer to new anastomotic vessels 12 and true neoangiogenesis around the circle of Willis [13] [14] .
Materials and Methods
During 2012, 19 children diagnosed with moyamoya disease or syndrome, were hospitalized in the Moyamoya Centre, Children's University Hospital in Zurich. All children underwent digital subtraction angiography (DSA) at our department. Five patients had a follow-up angiogram only after a revascularization operation with initial angiograms having been performed in referring institutes, whereas in 14 cases the angiogram performed at our department was the first diagnostic one. Eight of these patients were considered moyamoya syndrome and were not included in this study, keeping the studied population homogeneous. The DSA imaging of six Caucasian patients (male:female = 3:3), aged 2-12 years, with newly diagnosed moyamoya disease, were retrospectively analysed.
The present report only describes the angiographic features of the anterior circulation. The posterior communicating artery (Pcom) supplied either through the ICA or the basilar ar- tions. In none of the superselective injections did the microcatheter have a wedged position. No complications occurred. Particular attention was paid to identification of the individual arterial branches, which and/or the anterior choroidal artery were spontaneously catheterized without wire manipulations. Slow withdrawal of the microcatheter taking advantage of the pulse-induced movements of its tip, enabled more proximal catheteriza- deemed more convenient for the purpose of this study. For this retrospective study no Institutional Review Board approval was necessary. seen, then it was recorded as "not identified". The description of the supraclinoid ICA segments based on anatomical-surgical landmarks 17 rather than embryologic considerations, was MCA at the M1 level through its anterior temporal branches. This collateral connection to the anterior temporal branches of the MCA had a characteristic meandric tortuosity and a lateral course in the anteroposterior projection ( Figure 3 ) and in retrospect can be relatively easily recognised even in non-superselective injections ( Figure 4) . In a superselective injection of a dilated superior hypophyseal artery, the bilateral A2 segments of the ACA were opacified through an anastomotic network at the level of the lamina terminalis which retrogradely irrigated distal diencephalic perforators of the A1, possibly the commissural and/or preoptic arteries 18 ( Figure 5 ).
The distal ACA, like the orbital and frontopolar branches, were often supplied from the posterior and anterior ethmoidal arteries and artery of the falx (Figure 7) .
In one case the superselective injection of the anterior choroidal artery retrogradely opacified the striate perforators of the M1 and a medial striate perforator of the A1 supplied through the medial branch of its intraventricular segment. The lateral branch was connected to a remarkably tortuous artery running laterally parallel to the insula and opacified the MCA at the proximal M2 segment (Figure 8 ).
In the contralateral hemisphere of the same patient, the lateral striate arteries as well as a similarly tortuous arterial branch running lateral to the lateral striates were retrogradely
Results
According to Susuki's classification 2 , one hemisphere was at stage 5, one at stage 4, six hemispheres were at stage 3 and four hemispheres at stage 2. A more detailed description of the stenoocclusive changes is shown in Table 1 . Table 2 presents the moyamoya anastomotic networks in a coherent way. The identified arterial branches participating in the networks are presented from distal to proximal carotid segments with their connections as well as the patients (hemispheres) in which these vessels appeared.
The superselective injection of a stenotic but still not occluded distal ICA showed that neither the M1 segment of the MCA nor the A1 segment of the anterior cerebral artery (ACA) supplied any of their perforating branches (Figure 1 ).
Perforators arising proximal to the steno-occlusive site through collateral connections retrogradely supplied the perforators of the distal M1 segment and then the distal cortical territories. More precisely, a medial striate artery arising from the distal choroidal segment just proximal to the most stenosed ICA site was injected and demonstrated the intrastriatal collateral network retrogradely supplying the lateral striate branches and then the distal MCA ( Figure 2) .
Our study identified a rostral uncal branch originating from the proximal anterior choroidal artery. It was a significant collateral to the specifically and defined three types of moyamoya collaterals: those supplying retrogradely the lateral striates and the M1 segment of the MCA (type 1); those supplying retrogradely insular perforators and the M2 segment of the MCA (type 2); and those supplying retrogradely the cortical convexial perforating branches of the M3 and M4 segments of the MCA. The authors failed to define which vessels of the network specifically fed each of those collateral routes although the concept of afferent vesselsmoya network-efferent vessels was well applied in their analysis of the ethmoidal collaterals. In 1980, Takahashi's angiographic study of seven patients (three of them children) with moyamoya disease attempted a more detailed description of the vessels which constitute the moyamoya anastomotic network and its interconnections. He identified the vessels comprising the network as dilated perforating arteries similarly to previous authors and referred to numerous anastomoses among them. He reported that all moyamoya networks anastomosed with the insular segments of the sylvian MCA through the claustrum and the insular cortex. He also reported that the anastomotic vessels usually arose from the lateral lenticulostriate arteries and that the direction of flow was usually from the network to the sylvian vessels but it was reversed when the MCA was "not completely occluded". In 1988, Satoh et al. described the angiographic findings of 34 newly diagnosed paediatric cases with moyamoya disease and distinguished the feeding branches of the moyamoya anastomotic network derived from the ICA group and PCA group. The feeding branches of the ICA group were identified as the "supraclinoid ICA, the Pcom, the anterior choroidal artery and the medial and lateral lenticulostriate arteries". This statement together with most of the descriptions in the above-mentioned reports summarize and actually perpetuate an ambiguity regarding the exact feeding vessels, the recipient vessels and the direction of flow. Additionally, they fail to identify the individual feeding branches and their interconnections.
The arterial vessels which participate in the known basal moyamoya anastomotic network in childhood moyamoya disease are dilated but otherwise normal proximal twigs of the ICA and its branches, which provide collateral supply to arterial territories distal to the steno-occlusive sites of ICA termination and proximal A1 and M1 segments of the ACA and MCA. opacified emptying into the MCA, supplied by the lateral branch of the intraventricular segment of the anterior choroidal artery (Figure 9 ).
The retrograde filling of the dilated medullary network at the area of the temporal horn, atrium and occipital horn as well as at the posterior part of the body of the lateral ventricles was supplied through branches of the intraventricular segment of the anterior choroidal artery itself. The medullary arteries located in the more anterior lateral ventricles were supplied by the distal segment of the lateral striate arteries fed either by medial striate branches or Pcom perforators or the intraventricular branches of the anterior choroidal artery (Figure 10) .
Discussion
Since the first descriptions and classification 2, 19 of the moyamoya disease, many aspects related to its angiographic features have been described 1, 4, 6, 7, 20 . However, an accurate and detailed description of the vessels constituting the socalled "moyamoya vessels", their connections and direction of flow using high quality selective and superselective angiographic injections has never been done before. In fact, these vessels are often presented as chaotic in the literature 14 .
The original 1968 publication of Nishimoto et al. mentioned the moyamoya anastomotic network playing the role of collateral supply due to the stenosis of the ICA only as a hypothesis. In 1969, Suzuki et al., after studying 11 paediatric cases of moyamoya disease who underwent cerebral angiography, supposed that the "abnormal rete vasculosum" represented a new type of collateral circulation, but they did not analyse it further. In 1972, Handa et al. studied the angiographic features of 16 children with moyamoya and reported their autopsy findings confirming that the vascular network was constituted by the perforating branches of ICA, MCA, ACA, PCA, Pcom and choroidal arteries. They pointed out that angiographically the relation of the vessels in the moyamoya anastomotic network was difficult to determine because of the heavy stain. However, based on five angiographic investigations, they noticed that the cortical branches of the MCA and ACA distal to the stenosed or occluded ICA bifurcation were reconstructed by the moyamoya anastomotic network. In 1974, Crouzet g. B,B ) signifies appearance of the described vessels in both hemispheres. MHT: meningohypophyseal trunk, MMA: middle meningeal artery, ILT: inferolateral trunk. al branches, including 1) the medial striate branches; 2) other perforators of the choroidal segment of the ICA just proximal to the major stenotic site; 3) anterior choroidal branches; 4) Pcom branches; 5) more proximal ICA segments; 6) the ophthalmic artery. Based on our findings, Takahashi's description of flow direction and its reversal from the MCA to the network vessels when the MCA was "not completely occluded" is confusing. Reversal of flow from the MCA to the network in cases of highgrade stenosis but incomplete occlusion of the MCA would mean actually anterograde flow to the lateral striate arteries. This was not observed in our series and it is rather unlikely to occur since such an anterograde flow to the lateral striates (and then apparently to medullary arteries) would correspond to a by-pass of a steno-occlusion located distal to their origin, whereas the primary site of steno-occlusion in moyamoya paediatric disease is typically proximal to their origin. Our finding of reversed flow in the lateral striates coming from anastomotic connections with proximal perforating branches does not mean that a stenotic ICA bifurcation always induces reversal of flow in the striate perforators, regardless the stage of the disease. Some of the medial perforators, depending on their sites of origin and on the availability of other collateral channels may have anterograde flow even in highly stenotic, pre-occlusive stages. An anterograde flow pattern is unlikely to exist in the lateral striates which arise distal to the site of major and progressive stenosis in the course of the paediatric disease. In adult moyamoya or other syndromic phenotypes where steno-occlusion of the MCA follows more atypical patterns, anterograde flow may be observed 35 .
Our study confirmed the retrograde supply of the lateral striates and the M1 or M2 (depending on the site of their origin) segment of the MCA reported by Crouzet et al. and Takahashi, and showed that the lateral striates were actually fed by intraventricular branches of the anterior choroidal artery, which was not previously demonstrated.
The question whether moyamoya vessels are dilated pre-existing vessels or newly formed connections could not be convincingly addressed in this study. The remarkably tortuous arteries supplied by the anterior choroidal artery and running parallel to the insula and exiting into the proximal M2 segment, was a considerable finding. In case these arteries are pre-ex-These vessels will vary according to the progression of the disease and the level of major affection of the vasculature. The example of the uncal artery is noteworthy. The rostral uncal artery is usually the most proximal lateral branch of the anterior choroidal artery. It can also arise separately from the choroidal segment of the ICA or can share a common origin with the anterior choroidal. It may supply the rostral uncus, part of the amygdala, the pyriform cortex or the anterior parahippocampal gyrus. It anastomoses with PCA-Pcom branches and early branches of the MCA 21 . To our knowledge, the participation and role of this artery in supplying the MCA through temporal leptomeningeal anastomoses has never been reported. Additionally, it demonstrates that the basal moyamoya vessels are not composed exclusively of perforators but also of classic leptomeningeal vessels and network similar to the retrosplenial one.
Superselective atraumatic microcatheterization is a valuable diagnostic tool established and routinely used in our department since 1986. Its diagnostic yield and safety for children and adults has been proved for almost every aspect of cerebrovascular pathology [22] [23] [24] [25] [26] [27] [28] [29] . The role of superselective angiography for the evaluation of newly formed collaterals after revascularization procedures in children with moyamoya, as well as its safety despite catheterization of the vasospasm-prone middle meningeal and temporal arteries or of the small-calibre anterior choroidal artery for an endovascular approach to distal aneurysms, was also reported by other groups [30] [31] [32] [33] [34] . In moyamoya disease, superselective injections can offer more reliable information on the angioarchitecture and dynamic vascular collaterals where many small-sized vessels are usually overprojected. For surgical planning, the superselective injections in our patients provided not only additional information complementary to the clinical and haemodynamic evaluation but helped highlight the need for multiple revascularisation procedures i.e. revascularisation not only for the MCA territory but also for the ACA and PCA territories.
Takahashi´s report that the anastomotic vessels usually arose from the lateral lenticulostriate arteries was not confirmed by our findings. In our study, the lateral lenticulostriate arteries were in all cases recipient vessels retrogradely opacified subsequently supplying the distal M1 or M2 segments of the MCA which is proximally occluded or stenosed. Therefore, the anastomotic vessels arose from more proximal arteri-the vasculature distal to the steno-occlusive sites would follow a pathway through connections with other chiasmatic and hypothalamic branches ( Figure 6 ).
Several factors may limit our study. In particular, only half of our cases included superselective injections. The level of each superselective injection varied, the stages of the disease varied from patient to patient, and potential anatomic variations are always possible.
Conclusions
Previous descriptions of a chaotic "network of abnormal vessels" create a vaguely defined picture of the anastomotic connections in moyamoya disease angioarchitecture. High quality selective and superselective angiography of the anterior territory revealed previously unreported connections within the moyamoya anastomotic network and helped in clarifying the anatomy of a rather organised network which has distinct feeding branches, characteristic course and anatomically expected recipient vessels.
Integrating these findings with those in the posterior circulation in moyamoya paediatric disease will facilitate more comprehensive conclusions on the architecture of collateral networks in moyamoya patients and this may also contribute to a new staging of the disease with clinical and therapeutic relevance.
Moreover these findings have possible implications for response of the normal cerebral vasculature to ischaemic conditions. isting vessels, based on published anatomic descriptions they could correspond to the claustral arteries 36 . To our knowledge, such vessels were not previously demonstrated by angiography.
The retrograde supply of insular perforators was also demonstrated, but fed by lateral recurrent intraventricular branches of the anterior choroidal artery. Although the possibility of a connection through intraventricular branches of the anterior choroidal is supported by our findings, this certainly does not verify the universal connection between lateral striates and insular perforators in all anastomotic networks as Takahashi hypothesized. Moreover, no other vessels supplying the insular segments of the sylvian MCA through the claustrum and the insular cortex were identified in this study.
Additionally, Takahashi pointed out that most often the lenticulostriates anastomosed with medullary arteries retrogradely supplying the cortical vessels. In our cases this was demonstrated only for medullary arteries connected with the body of the lateral ventricles. The remainder of the medullary arteries, connected to the posterior body of the lateral ventricles, the atrium and the posterior and inferior horn, were supplied retrogradely through intraventricular branches of the anterior choroidal artery. The role of the anterior choroidal artery in the supply of the striate arteries, M1 and M2 segments and the medullary arteries as demonstrated in this study has not been previously reported.
Although it appears in Table 2 that in most of our cases the multiple fine vessels arising from the ophthalmic segment of the ICA and their connections were not identified, we assumed that most if not all of those contributed to the hypothalamic network identified in the superselective injection of the superior hypophyseal artery. In a few cases the prechiasmal branches of the ophthalmic artery were dilated, apparently due to their participation in the collateral network. Most probably, although not demonstrated, their collateral contribution to use of digital subtraction angiography in its diagnosis. Radiology 
